The widespread use of cellular telephones has heightened concerns about possible adverse health effects. The objective of this study was to investigate cancer risk among Danish cellular telephone users who were followed for up to 21 years. Methods: This study is an extended follow-up of a large nationwide cohort of 420 095 persons whose fi rst cellular telephone subscription was between 1982 and 1995 and who were followed through 2002 for cancer incidence. Worldwide use of cellular telephones has raised concerns about possible adverse health effects ( 1 ) . During operation, the antenna of a cellular telephone emits radio frequency electromagnetic fi elds that can penetrate 4 -6 cm into the human brain ( 2 , 3 ) . In view of the localized nature of exposure during cellular telephone use, research has focused on tumors of the head and neck, particularly brain tumors ( 4 -20 ) , salivary gland tumors ( 8 , 11 , 21 ) , and uveal melanomas ( 8 , 22 , 23 ) . To date, the overall epidemiologic evidence suggests no increased risk for any tumor among cellular telephone users with less than approximately 10 years of use. Most studies have not found a statistically significant overall association with the risk of brain tumors for use of 10 or more years ( 12 -15 , 18 -21 ) , except for two ( 16 , 17 ) , for which methodologic issues have been raised ( 24 ) . Because cellular telephones were introduced relatively recently, most studies have
comparatively few subjects who have used cellular telephones for 10 or more years.
In 2001, we reported the results of a nationwide cohort study on cancer risk among 420 095 cellular telephone subscribers in Denmark ( 8 ) . We did not observe an increased risk for any specifi c cancer type, including brain tumors, salivary gland tumors, leukemia, and uveal melanoma. Although the cohort included persons whose subscriptions had started between 1982 and 1995, most cohort members had used cellular telephones for only a few years. In this study, we present a follow-up of the cohort through 2002, with a maximum time for cellular telephone use of 21 years and a mean time of 8.5 years, enabling us to investigate further the cancer risk among long-term subscribers. We also present data on the average income of cellular telephone subscribers to examine in more detail the possible relationships between income, cellular phone ownership, and risk for cancer. In addition, we comment on the quality and usefulness of subscriber lists to estimate cellular telephone usage by comparing these data with self-reported data obtained from a structured survey questionnaire.
S UBJECTS AND M ETHODS

Study Population
The composition of the cohort has been reported previously ( 8 ) . In brief, we received records of all 723 421 cellular telephone subscriptions in Denmark during the period 1982 -1995. From these, 200 507 corporate subscriptions were deleted because the individual users could not be identifi ed. A further 102 819 records were excluded because of duplicate addresses (one of them removed), errors in name or address, or a nonresidential address or because the subscriber was under 18 years of age at fi rst subscription, the subscriber was a permanent resident of Greenland or the Faroe Islands, or the subscriber asked to be excluded from the study (n = 53). The fi nal study cohort included 420 095 private cellular telephone subscribers.
Through record linkage of cohort members by name and address with the Central Population Register, personal identifi cation numbers were obtained, with data on vital status, date of death, or date of emigration. Using the personal identifi cation number, cohort members were linked to the fi les of the Danish Cancer Registry to ascertain incident cases of cancer. The Cancer Registry, which began reporting incidence on a nationwide scale in 1943, is virtually complete ( 25 ) and includes benign brain tumors. Cohort members with a history of previous cancers, except nonmelanoma skin cancer, before their fi rst cellular telephone subscription were excluded. Follow-up began on the date of fi rst subscription and ended on the date of fi rst cancer diagnosis (except for nonmelanoma skin cancer), date of death, date of emigration, or December 31, 2002, whichever came fi rst. Cancers were classifi ed according to a modifi ed Danish version of the International Classifi cation of Diseases, 7th Revision ( 26 ) , and since 1978 according to the International Classifi cation of Diseases for Oncology ( 27 ) . Smoking-related cancers were classifi ed according to the system of Olsen et al. ( 28 ) .
The study was approved by the Danish Ethical Committee System (KF 01-075/96), the Danish Data Protection Board (1996-1200-121), and the Danish Ministry of Justice (Jnr. 1996-760-0219). The study was entirely based on record linkage, and no one was aware whether he or she was included. After the study became public through the media, the network providers published in their quarterly reports a notice that subscribers could contact them if they wished to be excluded from the study. A total of 53 persons (see above) contacted the network providers in this regard.
Statistical Analysis
The numbers of cancers observed were compared with those expected, which were calculated by multiplying the number of person-years of cohort members by the overall and site-specifi c incidence rates of primary cancer (fi rst cancer diagnosis) among men and women in the general population of Denmark ( 29 ) , in 5-year age groups and calendar periods of observation. To exclude cohort members from the reference population, the number of cancer case patients and person-years observed in the cohort were subtracted from the corresponding fi gures for the total Danish population and a new set of incidence rates created. Standardized incidence ratios (SIRs) for cancer and 95% confi dence intervals (CIs) were calculated on the assumption of a Poisson distribution of the observed cancers ( 30 ) . Standardized incidence ratios for brain tumors were also calculated by morphology and anatomic site, and standardized incidence ratios for brain tumor and leukemia were calculated by time since fi rst subscription. P trend (two-sided) values in the analysis by time since fi rst subscription were calculated using the Poisson trend statistic. P trend <.05 was considered statistically signifi cant.
To compare the average annual incomes of cellular telephone subscribers and the general population, data on annual income stratifi ed by 5-year age group and sex were retrieved from Statistics Denmark for 1985 -1995. Differences in income distributions were analyzed by plotting average income by age for cellular telephone subscribers and for the total Danish population. To investigate whether these differences changed over time, we chose to present data for the fi rst and last years they were available, i.e., 1985 and 1995.
We also had access to self-reported use of cellular telephones by Danish participants in a recent population-based case -control study of the causes of brain tumors (Interphone study) ( 14 ) . During a personal interview, persons participating in the Interphone study were asked how long they had been regular cellular telephone users, which was defi ned as making or receiving at least one call per week over a period of 6 months or more ( 31 ) . On this basis, we classifi ed all 822 Danish Interphone control subjects as either regular cellular telephone users in 1982 -1995 or not. We then linked this group with our cohort by personal identifi cation numbers and evaluated how many subscribers compared with nonsubscribers reported that they were regular cellular telephone users. We also performed sensitivity analyses to estimate the effect of attenuation of relative risk estimates resulting from misclassifi cation of exposure.
R ESULTS
Of the 420 095 cellular telephone subscribers in the cohort, 357 553 were male and 62 542 were female. The mean time since fi rst cellular telephone subscription was 8.5 years, and the median was 8.0 years. Among the male subscribers, 304 349 (85.1%) had their subscription for less than 10 years, 42 549 (11.9%) for 10 -14 years, and 10 655 (3.0%) for 15 -21 years (maximum). Among the female subscribers, the corresponding values were 59 098 (94.5%), 3 131 (5.0%), and 313 (0.5%), respectively.
A total of 14 249 cases of cancer were observed in the cohort of private cellular telephone subscribers, whereas 15 001 cases were expected (overall SIR = 0.95, 95% CI = 0.93 to 0.97; for men, overall SIR = 0.93, 95% CI = 0.92 to 0.95; for women, overall SIR = 1.03, 95% CI = 0.99 to 1.07) ( Table 1 ). Cellular telephone use was not associated with increased risks for tumors of the brain and nervous system (SIR = 0.97), salivary gland tumors (SIR = 0.77), eye tumors (SIR = 0.96), or leukemia (SIR = 1.00). Among men, the overall decrease in risk for cancer was attributable mainly to a decreased risk for smoking-related cancers (SIR = 0.88, 95% CI = 0.86 to 0.91); however, statistically signifi cant decreased risks for individual cancers of the lung, buccal cavity, pharynx, esophagus, liver, and pancreas were also found. Among women also, the overall risk for cancer was not associated with cellular telephone use, but increased risks for smoking-related cancers (SIR = 1.11, 95% CI = 1.02 to 1.21) and cancers of the uterine cervix (SIR = 1.30, 95% CI = 1.08 to 1.54) and kidney (SIR = 1.42, 95% CI = 1.02 to 1.92) ( Table 1 ) were found.
In addition to combining all brain tumors in one group, we examined the relative risk by brain tumor subtypes ( Table 2 ) . Analyses by morphologic subtype of intracranial central nervous system tumors found no statistically signifi cant increased risk of glioma (SIR = 1.01, 95% CI = 0.89 to 1.14), meningioma (SIR = 0.86, 95% CI = 0.67 to 1.09), and cranial nerve sheath tumors, including acoustic neuroma (SIR = 0.73, 95% CI = 0.50 to 1.03). Except for one case of unspecifi ed morphology, all 31 cranial nerve sheath tumors were histologically confi rmed as acoustic neuromas. Acoustic neuromas occur in the temporal lobe. When we combined data for gliomas and acoustic neuromas occurring in the temporal lobe, the risk for these cancers was not associated with cellular telephone use (85 observed versus ~ 88 expected). Further subdivision of gliomas by anatomic site showed a small statistically nonsignifi cant elevated risk (SIR = 1.21) of cancers of the temporal lobes and a statistically signifi cant decreased risk (SIR = 0.58) of cancers of the parietal lobes. The risk for gliomas occurring in the temporal and parietal lobes, which are anatomically closest to the antenna during use of cellular telephones, was not associated with cellular telephone use (SIR = 0.93, 95% CI = 0.73 to 1.17) .
Because risks may become apparent only after a longer latency period, we calculated the relative risks for brain tumors and leukemias by time since fi rst subscription ( Table 3 ). The risk for brain and nervous system tumors was not associated with cellular telephone use among persons followed for less than 10 years since fi rst exposure. For the 56 648 longer term subscribers accumulating 169 595 person-years at risk at 10 or more years after fi rst exposure, the analysis was based on 28 observed cases and 42.5 expected (SIR = 0.66, 95% CI = 0.44 to 0.95). The risk of leukemias was also not associated with use, even among those who were followed for 10 or more years after fi rst subscription to a cellular telephone service (SIR = 1.08, 95% CI = 0.74 to 1.52) ( Table 3 ) .
To examine whether our cohort differed from the general population with regard to socioeconomic status, we compared their average annual incomes ( Fig. 1 ) . The average annual income of private cellular telephone subscribers was higher than that of the general population, regardless of age and sex (data not shown for women). The income difference was more pronounced in 1985 than in 1995.
To obtain insight into the potential of exposure misclassifi cation, we compared our cohort data with data from another Danish study in which cellular telephone usage was assessed during a personal interview. Using record linkage between the 420 095 subscribers in the current study and the roster of 822 control subjects in our recent case -control studies of acoustic neuroma and brain tumor [Interphone ( 12 , 14 ) ] who completed a questionnaire with a full history of cellular telephone use, we identifi ed 85 To estimate the effect of attenuation of relative risk estimates resulting from misclassifi cation of exposure, we performed sensitivity analyses by assuming that 61% of the subscribers and 16% of the nonsubscribers were actually regular cellular telephone users before 1996. Such misclassifi cation would lead to an attenuated estimate of 1.2 when the actual relative risk is 1.5 and to an attenuated relative risk of 1.09 when the actual relative risk is 1.2. Because the percentage of regular cellular telephone users in the subscriber cohort is so much larger than the percentage in the rest of the Danish population, however, misclassifi cation would not be expected to produce relative risk estimates that are less than 1.0 if there is, in fact, an increased risk among cellular telephone users.
D ISCUSSION
After extending the follow-up of a large, nationwide cohort of 420 095 cellular telephone subscribers, we found no increased risk for brain tumors, acoustic neuromas, salivary gland tumors, eye tumors, leukemias, or cancer overall associated with cellular telephone use. We also found no increased risk for all major histologic subtypes of brain tumors and for tumors in the most exposed regions of the brain ( 2 ) . In the fi rst follow-up, which ended in December 1996, we also observed no increased risk for these cancer types. However, the average follow-up period was 3.1 years compared with 8.5 years in the current study, and, for example, the number of observed brain tumor cases was 154 compared with 580 cases in the current study ( 8 ) . In the current study, the maximum follow-up period was extended up to 21 years after fi rst cellular telephone subscription, which allowed us to investigate brain tumor risk in subjects having a subscription for 10 years or more, and the number of brain tumors among such subscribers was lower than expected on the basis of the incidence rates in the general population.
Several other studies, all case -control in design, have reported risk estimates for long-term users of cellular telephones ( 14 -17 , 19 , 20 ) . No statistically signifi cant elevation in overall brain tumor risk has been found, except in one Swedish study that reported elevated risks for all subtypes of brain tumors among long-term users as well as short-term users ( 16 , 17 ) . Two published incident case -control studies in Denmark and Sweden, which were part of the Interphone study, reported slightly decreased risk estimates for both glioma and meningioma ( 14 , 15 ) . In Finland, selection bias due to nonparticipation was found to decrease the estimate of risk between cellular telephone use and incidence of brain tumors (32 ) , and such bias may have played a role in the defi cits seen in the Danish and Swedish studies. Bias due to nonparticipation is not, however, a plausible explanation for the reduced brain tumor risk that we observed among longterm subscribers in this nationwide cohort study because the entire Danish population was included in the study.
We have found no biologically plausible evidence in the literature to support an inverse association between radio frequency electromagnetic fi elds and brain tumor development ( 1 ) . This fi nding of an inverse association is even more surprising because early cellular telephone subscribers had higher incomes than the general population, and brain tumors may be more frequent among persons with higher socioeconomic status, as reported in Table 3 . Standardized incidence ratios (SIRs) and 95% confi dence intervals (CIs) for brain and nervous system tumors and leukemias according to time since fi rst subscription among 420 095 cellular telephone subscribers in Denmark, 1982 Denmark, -1995 a US study ( 33 ) . However, the overall risk of brain tumor associated with cellular telephone use of all time intervals (SIR = 0.97; n = 580) was similar to that of the general population of Denmark. Among the subset of 56 648 subscribers followed for 10 or more years, the risk of brain tumors was statistically signifi cantly low but the trend over time was not close to statistical significance ( P = .51). Although approximately 11 000 cohort members had subscribed for 15 or more years, the mean follow-up beyond 10 years of use for the 56 648 long-term subscribers was only 3.0 years; hence, the fi nding was based on only 28 cases. Thus, chance may be the explanation when the risk among a subgroup is found to be statistically signifi cantly low, especially when many comparisons are being made. Nevertheless, negative confounding by an unknown or unmeasured factor cannot be ruled out because our cohort of the fi rst, mainly male, subscribers of a cellular telephone appeared to be a unique subgroup of persons with a higher income (e.g., having particular occupations in which mobile communication was an advantage or they may be different with regard to lifestyle) and might therefore have a distinct risk profi le. However, it is not clear why such a distinct risk profi le would affect only one cancer type and not others. Further follow-up will be required to determine whether the brain tumor risk will remain decreased. Our fi ndings with respect to acoustic neuroma are of interest in view of the results of a recent pooled analysis from fi ve countries (Denmark, Sweden, Norway, Finland, United Kingdom; part of the Interphone study) ( 18 ) . Although there was no increased risk in acoustic neuroma overall (odds ratio [OR] = 0.9) or among those using cellular phones for more than 10 years (OR = 1.0), a risk among long-term users could not be completely ruled out because a statistically signifi cant increased risk (OR = 1.8) was found for tumors that developed on the same side of the head as reported the phone use. The risk for contralateral tumors was decreased (OR = 0.9), and, after considering multiple sources of potential bias, the authors concluded that no fi rm conclusions could be drawn. Our overall risk for acoustic neuroma (SIR = 0.73) was consistent with that from the Interphone study (overall OR = 0.9). We have no information, however, about which side of the head the subscribers in our cohort preferred when using a cellular telephone, but, even if a subgroup had an elevated risk, it could have been compensated for by an even greater decreased risk among the remaining persons.
We observed statistically signifi cantly reduced risks among men for all cancers and for smoking-related cancers in particular. We suggest that this risk reduction may be due to fewer smokers in our cohort and to the likely healthier lifestyles and the higher income of cellular telephone users compared with the general population. Although female subscribers in our cohort also had higher incomes than women in the general population (data not shown), no reduction in risk for smoking-related cancers was observed. We examined this seeming inconsistency by using data from the " Diet and Cancer " study, a large prospective cohort study in Denmark including approximately 60 000 persons ( 34 ) . By evaluating the prevalence of smoking in fi ve income categories, we found a clear inverse linear trend among men, but not among women. Among men, the smoking prevalence was 57.1% in the lowest and 30.7% in the highest income categories in 1985. Among women, the prevalences of smoking were similar in the four lowest income categories ( ~ 33%), and it was 24.9% in the highest income category, which included only 1.8% of all women. Thus, smoking prevalence may be inversely related to the socioeconomic status of men but not of women.
The increased standardized incidence ratio for cervical cancer among cellular telephone users in our study is diffi cult to interpret. The major risk factor for this disease is infection with human papillomavirus, which in turn is strongly infl uenced by the number of sexual partners ( 35 ) . We also note that cellular telephone subscribers had a higher average income than the general population and cervical cancer risk is inversely associated with educational level ( 36 ) . Other than chance, these observations point to the possibility that women who subscribed to cellular telephone service in the early years differed from the general population in terms of sexual activity. We also have no explanation for the greater than expected incidence of kidney cancer among women. Thus, because no such increase was found among men, the increased standardized incidence ratio among women is likely the role of chance, due to the many statistical comparisons made in this analysis.
The study has several strengths. Because of the nationwide coverage, the large size of the cohort, and the long follow-up period, we were able to address potential risks many years after fi rst telephone use that has not been possible in most studies conducted to date. To our knowledge, this is the only cohort study addressing cellular telephone use and cancer risk and as such is not susceptible to biases found in case -control studies, e.g., such as those due to differential survival, recall, reporting, and participation ( 37 ) . Another strength is the use of objective measures of exposure, namely the years of subscription, derived from the fi les of all Danish network providers. A further strength of our study was the elimination of exposed cohort members, i.e., cellular telephone subscribers, from the comparison population in the calculation of the standardized incidence ratios, removing a potential source of underestimating an association. We also were able to obtain additional data on income, smoking, and self-reported cellular telephone use to assist us in interpreting our fi ndings.
The study also has limitations. One limitation is the exclusion of users whose subscription was in the name of their company, which might not only have reduced the proportion of users but also excluded some of the most active users. We also had no information on new subscribers after 1995, and they were therefore all included in the reference population. This means that the majority of our reference population consists of recent cellular telephone users, which is a potential source of underestimation of risk. However, overall epidemiologic evidence suggests no cancer association with short-term use of cellular telephones; hence, this is unlikely to have substantially infl uenced our results. Another limitation is that the use of subscription information raises the possibility of some exposure misclassifi cation. Users of cellular telephones whose subscriptions are not listed in their names were classifi ed as unexposed in this study, i.e., they were included in the general population rates used to compute expected values, and subscribers who did not actually use a cellular telephone were classifi ed as exposed. Misclassifi cation from using subscriber data is nondifferential, i.e., the expected direction of any bias is toward the null.
We evaluated the potential for bias by comparing our subscriber list with self-reported information from 822 Danes who participated as control subjects in a case -control study (Interphone) of the possible association between brain tumor risk and use of cellular telephones ( 12 , 14 ) . More than 60% of our Interphone control subjects who were identifi ed within the subscriber cohort characterized themselves as making or receiving calls at least once a week, although the comparison population of nonsubscribers included only 16% of such users. The disagreement between the methods, however, does not refl ect only misclassification based on subscription data, as self-reported cellular telephone use is far from established as the gold standard for exposure estimation, although it has been used in almost all the case -control studies in this research area ( 4 , 5 , 7 -10 , 12 -22 ) . Recent validation studies have in fact shown marked discordance in comparisons of self-reported use of cellular telephones with usage records from network providers ( 38 -40 ) .
Thus, both exposure assessment methods, i.e., subscriber information and self-reported usage, have certain advantages and disadvantages, and both introduce bias from exposure misclassifi cation into the relative risk estimation. In addition, the valid estimation of cellular telephone use must serve as a proxy for exposure to radio frequency electromagnetic fi elds from these devices ( 41 , 42 ) . It is thus reassuring that the fi ndings from our cohort study are consistent with most case -control studies conducted worldwide even though different approaches for exposure assessment were used.
In conclusion, we found no increased risk of brain tumors, acoustic neuromas, salivary gland tumors, eye tumors, leukemias, or overall cancer in this large, nationwide cohort study of cellular telephone subscribers in Denmark. There was also no increased risk of brain tumors and leukemias observed among the 56 648 persons whose subscription to cellular telephone service was greater than 10 years. Moreover, the narrow confi dence intervals provide evidence that any large association of risk of cancer and cellular telephone use can be excluded. Despite uncertainties in estimating actual telephone use, the consistency of the fi ndings with case -control studies conducted in Denmark and in other parts of the world is reassuring. The methods used suggest that the use of cellular telephones does not pose a substantial risk of brain tumors among short-term or long-term users, but for the latter group, further follow-up is required. Because there are so few, if any, nationwide cohort studies of cellular telephone use, continued follow-up of this study is planned, coupled with improved methods of assessing telephone use.
